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This thesis is a consolidation of work that investigates the flaw detection capabilities 
of Acoustic Emission (A E) technology applied to metal alloys and composite 
materials. The thesis explores the background to AE and how it is applied to flaw 
detection and fracture characterisation. 
In preliminary tests, a steel pressure vessel and a filament wound composite pressure 
vessel were used in hydro proofing tests. Each of the vessels had existing 
flaws/defects in them. The locations of these flaws were known. Acoustic emission 
sensors were placed on the surface of the vessels, the vessels were subjected to a 
pressurising programme, and the AE equipment was used in order to confirm the 
locations of these flaws. 
The results showed that the locations of the flaws could be confirmed with AE. The 
flaws were detected within ±4% uncertainty in the steel vessel, and within ±14% in 
the composite vessel. The larger uncertainty in the composite as opposed to the steel 
vessel shows that the composite emits more acoustic activity in the area of the flaw 
due to possible sources of matrix cracking, fibre breakage or interfacial friction. These 
mechanisms are not present in the steel vessel. 
To investigate the fracture characterisation capabilities of the AE system, two sets of 










tuf AD 690 whilst monitored with AE equipment. In the second set of tests, glass 
fibre composite specimens were monitored with AE equipment during tensile tests. In 
these tests two lay-up configurations were used, i.e., transverse and longitudinal lay-
ups. 
The results showed that the AE activity during a fracture toughness test followed a 
predictable trend. The stages of crack development namely, Linear Elastic extension, 
Plastic blunting and Crack tearing, were clearly defined. The AE results surprisingly 
indicated that the blunting phase produced up to seven times more AE activity than 
the tearing phase. 
The composite testing showed that fibre breakage and matrix cracking have two 
distinct AE activity traces associated with them. The most notable difference is 
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Industry is always looking to find cost-effective ways to increase the life span of its 
plant and to ensure that it remains serviceable. A method that has been used 
successfully to help to do this is Non Destructive Testing (NDT). NDT inspection of 
pressure vessels for defects is a good example. 
NDT includes a number of different techniques, one of which is Acoustic Emission 
(AE) Monitoring. Research in AE monitoring started in the 1950's [1] and was 
successfully implemented as an industrial NDT method in the 1970's [1, 2]. The 
technique is therefore relatively new when compared to the other, more established, 
techniques such as Pulse-Echo Ultrasonic Inspection, Eddy Current Testing, and x-
Ray Radiography, to name but a few [1-3]. 
An acoustic emission, sometimes called a Stress Wave Emission, is an elastic stress 
wave released in a material when there is permanent plastic deformation due to the 
application of a load [1, 2]. This emission is an indication that there has been a 
microscopic change. The method depends on the detection and evaluation of these 
emissions to indicate the presence of active flaws and their significance, e.g. twinning, 
slip, micro crack formation, and crack tearing [4, 5]. Piezo-electric transducers in 
contact with the surface of the test piece monitor the level of this activity by sensing 
the surface movement caused by the impinging stress wave [2]. The received signals 

















Figure 1.1 Test setup for detecting and monitoring an Acoustic Emission. 
AE is able to examine a large area, e.g. the complete surface area of a pressure vessel, 
at a time, and it is possible to locate as well as assess active flaw sites [1, 2]. Over the 
years, the emphasis in industry has been on the location of, rather than the assessment, 
of these active sites. 
When locating material defects, AE technology uses linear interpolation or 
triangulation algorithms to do so. This requires the use of two, in the former case, or 
more sensors, in the latter to pin point the location of such active sites [2-4]. In the 
case of metal structures, these defect sites are found relatively easily. On the other 












Recently, research has been directed towards monitoring and evaluating the fracture 
processes in materials such as metals and composites [6]. This new approach uses AE 
as a tool for component life prediction by looking at the quantity and characteristics of 
the activity arising from flaw sites [5, 6]. 
From the study of Linear Elastic Fracture Mechanics (LEFM) and Elastic Plastic 
Fracture Mechanics (EPFM) it has been shown that metal specimens with atomically 
sharp cracks, subjected to a monotonically rising load, fail in a predictable way [7-
10]. This fracture process can be categorized in the manner shown in Fig. 1.2. Other 
studies [11-23] have hinted that this fracture process can be characterized as a 
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Fig 1.2 A typical load deflection curve/or a structural steel 
Similarly, in the case of composites, if the modes of failure due to a monotonically 











It is therefore, my intention to explore whether AE can be used as a reliable tool to 
characterize the fracture process for these materials. If successful, this model will 
serve as a predictive tool for the fracture process in steels. In the case of composites it 
may serve to show what the AE characteristics for each mode of failure may be [24, 
25]. 
This thesis starts by introducing the technology of AE, the science of Fracture 
Mechanics and that of composite materials. It then looks at previous studies that have 
investigated the relationship between material fracture and AE. Preliminary 
experiments were done in both metal and composite structures to show the flaw/defect 
detection capability of the system. Then, various standardized Composite material 
tests and Fracture Toughness tests were done in order to show the repeatability of the 
AE outputs. The test results are presented, discussed and finally conclusions are 











2. Background and Literature Review 
2.1 Historical Background and Principles of Acoustic Emission Testing 
2.1.1 Introduction 
In 1950 J. Kaiser initiated the theoretical work for Acoustic Emission (AE) 
monitoring; it was first used by industry in 1964, but really only came of age in the 
late 1970's. AE is thus one of the least mature of the NDT methods but is now being 
used as a routine method [2, 3]. The technique has been successfully applied in a 
number of areas, for example in corrosion detection inside cylinders, detecting 
problems in composite components and structural testing of aircraft, bridges, railroad 
tank cars, and rotating machinery [1-5]. 
When a solid is stressed to a certain level, discreet acoustic wave packets, emanating 
from processes such as micro-crack formation and twinning, are generated that can be 
detected by transducers placed on it [4]. In the 1960's when this new non-destructive 
testing technology was born it was found that growing flaws in pressure vessels could 
be picked up by monitoring their acoustic wave packets. The phenomenon, that causes 
the generation of sound in materials under stress, was termed acoustic emission (AE), 
or Stress Wave Emission. Included in the materials that exhibit this phenomenon are 
the well-known metallic alloys such as steels [1]. 
AE monitoring relies on the detection and quantification of transient elastic stress 











material. These waves travel from the source to the mounted transducers where they 
are converted to electrical signals that can be stored, processed and manipulated for 
interpretation by the operator [2]. 
In some materials, such as wood and rock, signals are often audible. However, in 
many other engineering materials, like metals and composites, the signals are 
inaudible and require more sensitive AE detection devices. 
The major difference between AE and most other NDT techniques is that it detects 
microscopic movements, not geometric discontinuities. AE is unique in that it can 
identify damage in real time, i.e. when damage initiates or as it propagates. 
Furthermore, AE equipment does not introduce energy into the test piece like 
ultrasound does, for example. It is therefore a passive NDT method. 
Typical applications for AE include [1]: 
• Fracture Mechanics testing 
• Fatigue Mechanics monitoring 
• Composite tank testing 
• Nuclear Plant monitoring 
• Leak detection 
• General weld monitoring 











2.1.2 Stressing the Structure and the Kaiser Effect 
A distinguishing aspect of AE is that the inspected component requires the application 
of some kind of stimulus. This stimulus may take the form of a mechanical loading, 
pressure, or even a thermal gradient. Therefore, the loading programme is essential to 
the success of an AE test. 
Structures will emit acoustically only when they are loaded above any previously 
applied load. This phenomenon is known as the Kaiser Effect [1, 3]. The principle is 
that on the first loading, a structure will undergo permanent plastic deformation 
especially at regions of stress concentration; but thereafter the material will behave 
elastically, not giving any more emission, until the load is taken higher. The Kaiser 
effect is an important principle and serves as a fundamental starting point for most AE 
testing procedures. 
2.1.3 Traditional AE Monitoring and Measurement Parameters 
When an acoustic emission wave front impinges on the surface of a test object, 
minute movements (of the order ofnanometres) of the surface molecules occur. The 
transducers on the surface of the test object detect the motion and convert the detected 
motion into data in the form of a voltage-time signal. These data are used in 











AE transducers are very sensitive piezoelectric sensors that detect the surface 
movement caused by an emission. The AE sensors are usually resonance sensors, 
which means, they are only very sensitive to a certain frequency. Since the AE 
signals are very weak, a preamplifier is employed right after the AE transducer to 
prevent the signal loss [2]. 
The voltage-time signals pass through a filter to remove electronic interference, whilst 
the main amplifier enlarges the signals before they are sent to the signal conditioner. 
Thereafter, certain features are extracted and stored for further analysis. During 
investigations, other parameters, such as load, deformation, pressure, and temperature, 
can also be recorded [2]. 
A typical AE signal/event, as well as the commonly measured parameters as detected, 
is shown in Figure. 2.1. Health monitoring of a structure is usually carried out in the 
presence of continuous background noise and therefore a threshold detection level is 
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Figure 2.1 AE signal and Measured Parameters [2J 
2.2 Historical Background and Principles of Fracture Mechanics 
The fracture toughness of a material can be described as a material's resistance to 
cracking. We are able to relate fracture toughness to the stress applied to the material 
and the flaw size within the material by a relationship defined as the triangle of 






















Figure 2.2 Triangle of Integrity describing the interrelationship between materials 
design and fabrication [7J 
2.2.1 The Foundations of Linear Elastic Fracture Mechanics (LEFM) 
During the course of experimental procedures in the early twentieth century it was 
found that a discrepancy existed between the actual strength of brittle materials and 
the theoretical estimates. The reason for this discrepancy was thought to be the flaws 
that exist in materials and subsequently decrease the strength of the materials by 
magnifying the local stresses in the material. 
The first quantitative evidence of the effect of flaws on material properties was 
provided by Inglis 1913, who considered the effect of local stresses caused by 











In 1920, Griffith furthered the development of the fracture theory in brittle flawed 
materials, by balancing the stored energy and the surface energy of the material [10]. 
He considered the total change of energy of a cracked body as the crack length 
increased and used both surface and internal cracks acting as stress concentrations. 
His explanations equated the rate at which the crack grows (work done) to the elastic 
strain energy released to supply the surface energy of the newly formed crack surface. 
He therefore found that, 
OJ = J2YSE 
Jra 
(1) 
Where CIf, is the applied stress, Ys is the surface energy of the newly formed crack 
surfaces per unit area, E is the Young's modulus for the material, and a is the crack 
length [9]. 
In 1934 Irwin modified Griffith's equation to account for local plasticity and 
developed the concept of an energy release rate (G) as the driving force for crack 
propagation [9]. This driving force was then compared to the material resistance (due 
to elastic and plastic work required to form two new surfaces) to determine whether 
the crack would propagate, thus resulting in the following equation, 
OJ= 













Where yp is the work done in plastic deformation, per unit area of the crack surface. 
The above equation gives a simple basis for fracture. The defining parameter for 
fracture being cy.,J;;; which is known as the stress intensity factor, denoted by K, and 
has dimensions ofMPa m 112. If the value ofK should exceed a given value for a 
particular material the crack becomes unstable and fracture occurs [7]. This parameter 
is the critical fracture toughness K,c. 
In cases where there is an increase in the ductility of the material and there is 
significant crack tip plasticity, this analysis by LEFM becomes invalid and other 
fracture toughness parameters pertaining to elastic-plastic fracture mechanics need to 
be considered. 
2.2.2 The Development of Elastic Plastic Fracture Mechanics 
Elastic plastic fracture mechanics applies to materials, which exhibit plastic 
deformation and two elastic-plastic toughness parameters are introduced 
Crack tip opening displacement (COD), and 
The J contour integral 












A.A. Wells found that the results he obtained during his experimentation could not be 
characterised by linear elastic fracture mechanics. Wells noticed during his 
experiments that the crack faces of his specimens moved apart prior to fracture and 
the plastic deformation of the specimens blunted the initially sharp crack. Wells also 
discovered that the degree of crack blunting increased in proportion to toughness of 
material [10]. It was this observation which led him to propose that the opening of a 
crack tip was a measure of fracture toughness and it is this which is known today as 
crack tip opening displacement (COD). Wells presumed that the COD is an 
appropriate crack tip characterising parameter when linear elastic fracture mechanics 
is no longer valid. 
Further development of elastic plastic fracture mechanics led 1.R. Rice to assume that 
non-linear elastic behaviour may be valid for an elastic-plastic material [9, 10]. Rice 
applied the deformation theory of plasticity that relates the total strains to the stresses 
in a material and is equivalent to non-linear elasticity. 1.W. Hutchinson, G.F. 
Rosenberg and 1.R. Rice also showed, through further experimentation, that the J -
integral uniquely characterises crack tip stresses and strains in non-linear material [9, 
10]. Therefore the J-integral can be viewed as both and energy parameter where it can 











2.2.3 Crack Growth Resistance Curves 
In this thesis, COD was used as the fracture toughness parameter. Materials with high 
toughness do not fail catastrophically at any specific value of COD, but fail by micro-
void coalescence, the associated fracture mechanism for ductile metals. High 
toughness also increases the amount of work hardening occurring in the material and 
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Fig 2.3. Crack Growth resistance curve, showing definition 0/ CODcra/or crack 
initiation and/or crack growth /8J 
The concept of crack growth resistance has in the past been shown as a COD-












The initial stages of defonnation show the Resistance (R) curve to be vertical, 
representing small amounts of crack blunting. When the local stresses at the crack tip 
become large enough, the crack begins to advance. The point is known as crack 
initiation and is labelled CODcrit . The crack then develops by stable crack growth. 
2.2.4 Experimental Methods Applied for COD Measurements 
The multiple specimen technique used to detennine CODcrit involves loading many, 
nominally equal, specimens to different loads, heat tinting the specimens and then 
breaking them open to measure the crack lengths. The results are then plotted on 
graphs of COD - integral vs. tear size and then analysed [8]. 
Since AE is associated with the plastic defonnation of a material, the potential exists 
to use acoustic emission to monitor crack growth development. 
2.3 Acoustic Emission in Fracture Mechanics Principles 
The presence of flaws and notches in a stressed material causes localised plastic 











2.3.1 Energy generated during Deformation of steel 
According to Palma and Stafford [13], and others [14-23], energy is released during 
the fracture process of metals in two forms viz. energy released during the processes 
of crack initiation and propagation. 
It was further observed that in stationary cracks, emissions could be generated only 
under rising loading conditions due to the Kaiser Effect [1-3]. Palma and Stafford said 
this about crack growth; "The crack growth was due to the coalescence of plasticity 
induced voids. The fracture surfaces confirmed this by exhibiting shear dimples. 
Although the continuation of these tests produced weak AE activity, the ultimate 
failure process was identified by an increasing stress wave count" [13]. 
2.3.2 Acoustic Emission in the Fracture Process 
The main source of acoustic emission in loaded metals was found to be plastic 
deformation as mentioned above. During the initiation of plastic deformation, at or 
near the yield stress, a high level of acoustic emission activity will be observed. This 
was found at the onset of macro plastic deformation resulting from simultaneous 
motion of many dislocations [14]. 
Jones and Brown [23] conducted a study to assess the usefulness of AE for 
determining the plane strain fracture toughness. The results showed definite acoustic 
indications of pop-in, which were too small to pick up with compliance gauges. The 











compliance gauges due to the higher sensitivity of AE. This showed the advantage of 
AE for use in this type of testing. A major disadvantage of the method at the time was 
its susceptibility to extraneous noise, which could be confused with actual pop-in. 
Baker [22] investigated the limiting sensitivity for reliably detecting crack initiation 
and or growth in high strength steels using the Stress Wave Analysis Technique 
(SWAT) or AE. Certain samples were heat treated to provide both conditions of high 
strength-low fracture toughness, and low strength -high fracture toughness. This 
study indicated that that the material type and heat treatment appeared only to affect 
the type of micro cracking that occurred, but did not appreciably alter the minimum 
detectable crack size. 
Hartbower [17] conducted tensile tests on single edge notched (SEN) specimens of 
HY -80 and HY -150 and D6aC low alloy high strength steel to correlate AE 
characteristics with crack instability. He indicated that plane stress instability was 
always accompanied by an increasing emission rate generally starting at 
approximately at the plane strain pop-in point. Highly brittle D6aC fractured 
immediately after plane strain pop-in with only two or three intervening emission 
bursts. From this investigation the conclusions were that crack growth could reliably 
be detected by SWAT and that AE was capable of providing recognizable, 
reproducible data that could serve to identify plane strain instability and the onset of 











Aero-jet investigators, in the same way as Dunegan [12], attempted to develop a 
quantitative relationship between AE and flaw size. In the investigation they 
concluded that the analysis of the frequency spectrum was a powerful tool. The results 
of these tests re-emphasized the need for laboratory studies to characterise the crack 












2.4 Background on Composite Materials 
2.4.1 Definitions 
A composite material is a combination of two or more materials which retain their 
individual characteristics as they act together. The combination of the constituent 
materials produces properties and characteristics that are different from those of the 
constituents. 
One of these constituents forms a continuous phase and is called the matrix. The other 
major constituents are reinforcement in the form of fibres or particulates. The 
reinforcement forms a discontinuous phase and serves to improve the matrix 
properties. The matrix of a composite may be a polymer, a metal, or a ceramic. 
Composite materials are named depending on the type of matrix material it has, e.g., 
polymer matrix composite or metal matrix composite [24, 27]. 
"The primary effect of the reinforcement in a composite depends somewhat on the 
matrix used for example; polymers have very low modulus and strength compared to 
the reinforcing fibers used in polymer matrix composites."[27] Thus, in these 
composites, the addition of fibers serves to increase the modulus and strength of the 
polymer matrix. Fibers are the more commonly used reinforcements in polymer 
matrix composites [24]. 
Laminated composites are composites with multiple layers, which can have different 











ply. "The order in which the laminae with different fiber orientations are stacked is 
called the stacking sequence and is engineered to obtain the desired stiffness and/or 
strength for the laminate." [27] Laminates in which the fiber orientation is the same 
in all laminae are called the unidirectional laminate. 
Failures in composites initiate from flaws in the material. FailurelDamage in 
composite materials occurs in the basic forms of matrix cracking, fiber-matrix 
interfacial debonding, fiber fracture, and fiber pull-out [24]. 
2.4.2 Failure Modes in Composites 
2.4.2.1 Matrix cracking 
Matrix cracking is one of the first forms of damage that occurs in a fiber-
reinforced composite. "The formation of matrix cracks is influenced strongly 
by the laminate's internal and external geometries, including laminae fiber 
orientations, laminae thickness and laminae stacking sequence." [27] Matrix 
cracking is mostly observed in 90° plies during axial loading in the 0° 
direction. These micro cracks are called transverse cracks because they are 
transverse to the loading direction. 
2.4.2.2 Fibre/Matrix interfacial debonding 
When a matrix crack approaches the neighbouring fibres, the stress field ahead 











the interface debonds relatively easily, the interfacial debonding will occur in 
a zone ahead of the crack tip. 
2.4.2.3 Fibre Breakage 
This failure mode occurs at the final stages of laminate failure. As the matrix 
crack develops, there is nothing transferring loads between fibres. Some fibres 
will carry most of the load, resulting in them breaking under the load. 
2.4.2.4 Fibre pull-out matrix/fibre 
This failure occurs in certain composites, in which the matrix/fibre interfacial 












3. Experimental Procedure 
3.1 The Acoustic Emission Set up 
The AE system used for testing was the 8000 Spartan AT (a product of the Physical 
Acoustics Corporation (PAC)). The system is computerized and stores, analyzes and 
displays captured data. The data captured are the acoustic signals from the loaded test 
specimen. As stated before, these signals are converted to electrical signals by the 
sensors, amplified and measured. 
For the experimental work, the PAC R15 and R151 sensors were used. These are very 
practical resonant type sensors. The difference between the two is the integral pre 
amplifier that is housed in the R151 (Figure 3.1). These sensors have one or more 
preferred frequencies of oscillation. The waveform and the spectrum are therefore 
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• Peak Definition Time (PDT) - Enables the determination of the true peak of 
the signal 
• Hit Definition Time (HDT) - When a signal first crosses the threshold voltage, 
the hit/event is registered. The HDT determines how long the system will wait 
to register the hit as complete 
• Hit Lock-out Time (HLT) - The minimum delay after a hit has ended, before 
which a new hit can be registered. 
The acoustic emission properties of the sensors are given in Table 3.1. 
Table 3.1 Acoustic properties of the AE sensors used [2] 
Small size, stainless steel construction 
Operation range -45°C to 80°C 
Good RFIIEMI immunity 
Wide dynamic range (>80dB) 
Low noise preamp «I.OIlV) 
Single BNC input/output (Power/Signal) 
Interchangeable with existing preamp/sensors 
Ideal for Field/Lab testing 
As described before, it is possible to measure various parameters associated with an 











MARSE) and Peak Amplitude can be taken for each test. These parameters are 
presented in readable displays that stem from the associated software package (SU-
DAQ.EXE, also a PAC product). The programme allows Threshold and Gain, as well 
as various display types to be set. 
Once these parameters have been loaded, the tests are conducted as outlined in the 
sections below. 
3.2 Preliminary Tests for Defect Location 
Preliminary tests were done to show the detection capabilities of the AE system. 
These comprised hydro-proof testing of pressure vessels in a similar manner to those 
of Barthelemy, et al [29-33]. A steel pressure vessel was pressurised in a manner 
simulating an actual in service test, i.e. the pressure was increased and decreased to a 
set programme [29, 34] shown in the table. 
Table 3.2 A typical pressurisation sequence for defect location 
Pressure 0-500 500-0 0-1000 1000-0 0-1500 1500-0 0-2000 
(kPa) 
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A $led pressure vessel with the following (limen$ioll5 WIIS used-
• OUle r dlllJl\cler - FII5mm 










An existing flaw was welded shut to the following dimensions ' 
• Weld height /Tom surface - 1, 7mm 
• Weld length - 130mm 
The composite pressurr vessel comprised filam ent wound pressure vc>sel that was 
prc»uri,cd lfi a similar way to the ,teel "es,el 130-321_ 












The dimensions were as follows: 
• Inner diameter - 176.5mm 
• Outer diameter - 179.8mm 
• Height - 200mm 
An artificial flaw was machined into the outer surface. 
The penny-shaped flaw was typically 18mm long and 1.2mm deep. 
3.3 Fracture Toughness Testing in a Structural Steel 
3.3.1 Test material for Fracture Toughness Tests 
The material used for the fracture toughness tests was a tough, high strength low alloy 
structural steel (ROQ-tuf AD 690). The chemical composition of this steel is given in 
Table 3.4. 
Table 3.4: Material composition (wt. %) of ROQ-tuf AD 690 using Scanning Electron 
Microscopy 
Grade C Mo Mn Si (Jy (JUTS 
MPa MPa 












The dimensions of the specimens are shown in the appendix. All specimens tested 
were in L-T orientation (according to British Standard BS 7448 Part 1 : 1991). 
3.3.2 Fatigue Pre-Cracking of Specimens 
Fracture mechanics theory applies to cracks, which are infinitely sharp prior to 
loading. Fatigue crack growth is the most efficient way to produce such sharp cracks 
in laboratory testing. The fatigue cracking procedure is designed to initiate a crack at 
the tip of a machined notch and to grow that crack to an approximate length of 
between 0.45 and 0.55 of the measured specimen width. Controlling the cyclic 
loading conditions of the specimen grows the crack. By maintaining a constant crack 
growth rate of between 1 x 104 and 2 x 104 mm1cycle, the crack tip has the desired 
small plastic zone surrounding the crack tip. 
Once the Electronic Servo-Hydraulic (ESH) testing machine is set-up for fracture 
toughness testing, the specimens are placed in the ESH machine individually and then 
ramped in compression for bend specimens. As the load is slowly increased beyond 
the material's elastic range the crack tip begins to open. The resulting increase in 
crack opening and load produces a plot. 













i1,..- (,lip G.Ugt 
Figure 3.5 Experimental arrangement/or a three point bend (TPB) specimen 
The muhi-channeJ 8000 Spartan AT sy,tem and PC for data storage were uscd in 
conjunction with the ESH machine. 
J.J.J Heat Tinting An'" Exposing Th ... FrJlctur~ Snrfal'cs. 
Heat tinting is a method u,ed tll increase the vi,ibility of the different crack 
propagation fronts The test specimens are removed from the testing rig and placed in 
the oven at approximate temperature of 550"C for between 5 and 10 minute, until the 
metal begins tll turn slightly blue in colour, The specimen:. are then removed and 
placed on a ceramic table and allowed to cIXllat room temperatW"e. 
Once the >pecimens have cooled to room temperawre, they are placed in liquid 
nit rogen. This is to change the d"ctile rradure mode to brinle fracture mode by 











transition temperatllTe. AI this temperature the specimens can be cleanly broken at the 
crack by loading the specimens in the ESJ J machine. The specimens arc tllen dned off 
to remove any condensation, which could cause corrosion of the fracture surfaces. 
PreCTl!ck Plane with 
heat tinting 
Pre crack, <1.;, 
fear Depth, M" H.a 
Figure ./.6 Picture of/he fracture Sutface after lIeat Tinting 
The specimens typically show a blue pigment in the region of fatigue crack growth 
and a darker region for the dllctile tearing region The change in colour aids in the 
measurement of the specimens crack lengths for the calculation of the fractllTe 
toughness oflhe individual specimen 
3.3.4 Crack Mt3SUremtnls 
Once the specimens have been broken. the specimen_ are mca_un:d to detennine the 
fati!,'Ue crack growth len!,'1h and the crack tearing length The cracks arc measured at 
6-9 equally spaced intervals across the width oftl1e specimen. These measurements 











3.4 Composite Testing 
3.4.1 Specimen Preparation for Composite Testing 
Two laminates, with a different fibre volume fraction, were prepared. The first 
laminate had a low fibre volume fraction (LFVF), high resin content, and the second 
laminate had a high fibre volume fraction (HFVF), low resin content. Specimens with 
two different lay-up configurations were used. Six specimens, of the [0°] 6s (0° 
direction to the load-6Iayer) and [90°] 6s (90° direction to the load-6Iayer) 
configurations were produced from the HFVF epoxy/glass fibre laminate. Six further 
specimens of the [0°] 6s and [90°] 6s lay-up configurations were produced from the 
LFVF epoxy/glass fibre laminate. 
In order to achieve a uni-axial state of stress which is necessary for the 
subsequent evaluation of mechanical properties, test specimens of uniform 
width were employed. The specimens, made from the LFVF laminate, had a 
total length of 150 mm and a width (W) of 10 mm. The HFVF specimens had 
a total length of 150 mm and a width (W) of 17.4 mm 
Tabs of the same material as the specimens were glued to the specimens' 
ends as shown in Figure 3.7. These tabs serve to reduce the stress 
concentrations at the grips, by increasing the cross sectional area there. 
The axial load is transferred into the specimen through shear; the tabs 











stress concentrations, due to the geometric discontinuity at the gage end 
of each tab. In order to minimize this latter source of stress, the tabs are 
tapered at the ends. Since load is transferred into the specimen by 
gripping the ends of the specimen; the tabs also serve to protect the 
composite from being damaged by the metal grips. The tabs also decrease 
noise in the signal due to the gripping of the specimen. 
I~gage lengthl---·~I '------------'§lI~::Iw L x ~g n,gions-------J 
Endmbs~C~:::===============::~==~a 
Figure 3.7 Configuration of the Composite Test specimen 
The tabs were 25 mm in length, 10 mm width for the LFVF and 17.4 mm 












3.4.2 Tensile Tests of Composite 
Load was applied to the specimens using a Zwick 1484 tensile testing machine, 
manufactured by Wirsam, Scientific & Precision Equipment (Pty) LTD. The tensile 
tester which is controlled by a computer, automatically records the load and 











4. Experimental Results, Observations and Discussions 
4.1 Preliminary Investigation into AE Detection in Pressure Vessels 
In the initial investigation to establish the detection capability of the 8000 Spartan AT 
equipment, both filament wound composite vessel and steel vessel were looked at. 
These were loaded according to a pressurization programme, and artificial flaws were 
introduced as indicated in Chapter 3. Typical examples of the findings are presented 
here. 
4.1.1 AE Monitoring of the Steel Vessel 
Sensors were placed 100mm apart. 
The AE monitoring parameters for the loading programme were as follows: 
Gain (dB) Threshold (dB) PDT (/ls) HDT (/ls) HLT(/ls) 
30 30 700 1400 1400 
The pressurization regime that was applied was as follows: 
Pressure 0-500 500-0 0-1000 1000-0 0-1500 1500-0 0-2000 
(kPa) 













In the figure below, it can be seen that the energy released from the vessel's material 
and the flaw increases with every incremental increase in pressure. This is an 
indication of the Kaiser Effect in that the material and flaw emits at or near the 


















Acoustic Energy vs Time 
0~-------4------------__ ----~----------------------------~ 
o 20 40 60 80 
Time (5) 
100 120 140 
Figure 4.1 Graph of Acoustic Energy vs. Time during the Loading of the Steel 
Pressure Vessel 
160 
During the first 2 stages of pressurization (positive pressure gradient), there is no clear 
indication of the location of the flaw, since hits are registered across the test area due 


















~ ~ ~ .~ " ~ ~ ~ ~ ~ • ~ • ~ • • ~ 4 ., -U . .... '_I ------
FiJ>:ure 4.] (;m ph of A£ E''enu • .,.. 1.(/CutiQIJ ,SI~e]J 
Aller the third loading, the Ioc.:!tion of the defa::t becomes appalCfl' as ,he cmlssions 
associated with defect jJlUp.1gation ~1XO:d , l\t' background "oi&<: iignificantly AI t h;~ 
!Uage lhe highest number of evems viz, 19 ellcms. is registered at a location 48 mm 
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Ngure 4.J Graph t?f AE E,'('Uts vs. l. ocaliuH (StaKe J) 
AI Ihe final slag<." u fll;c 1000d ing prugrannr'le lhe location oftht' flaw is dearly 
i l'ldi ca[~ rhe b'Taph In figure 4 " shows Ih.l! ,he fla w is ckarly l'il ual..-d 4Ii ± 4R1m 
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Figure 4.4 Graph of AE E>'l'nts v.~. Location (Stage 4) 
In th", f'igllTt:S above it is shown that there is noise. as expe~led. associated with 
localized plastic defommtlofl a~ross Ihe test W-~ [29, 331. As thc load is increased. the 
llawldd<:cl propagalCs and is shown to be the site ormosl activity, whilst the ratc of 
activity across the t~st area d"",rcascs. Therefore. aftcr approximately 2 minutes 01" 
l",sling. Ihe defect or flaw distinb,'I.lisbes itsel I" Irom the background noisc. 
-1.1.2 AI': Munitoring of the Filament Wound COml'"sile Ve",els 
Sensors were placed 140mm apart . 











Thrcshold (dR) PDT (~s) HDT (~s) HLTU1S) 
30 45 50(J ]000 :woo 
Thc prcs,uriza(ion r~gillle thal was applied was as follows: 
PreSi lire 0-500 500-0 (J-8()() 8(J()-O 0--1000 1000-0 0-1200 
(kPa) 
- -
Time (J-5() 5(J -88 88-120 12~ 145- 186-216 216-240 
J::Iapsed ]45 186 
(s) 
In th~ Ji glll'~ bdow, it Can he sccnthat Ih ~ cllCrgy released from Ihe ve&>el's malenal 














I ":0 , oc,-" , 











Figure 4.5 Graph of ACOUSTic Energy )'s. l'ime during The Loading of The Comp"siTe 
I'res~'ure Vessel 
During the first:2 stages ofpressuliz~tion. there is no clear indicalloll of the location 
orthe fl aw, . inee event> are registcrcd aero.s the le,1 area duc 10 noi.c a:»ociat~d with 
matcnal stmin 01' duc to the testing procedure. It should be ooted that compo,ite 















Figur<' 4.6 (iraph of A£ E"enls 1'J. Lf)(otjOH (StaK" 2) 
Sl.lb~quenlloadinl1 however 5how~ I~ 1oc ~lio n of the defCCl as the emiss ions 
a~~ciah!d with defect p' \>pagat ;on i!x.;kd the background n(llSI' sig.nif;.:~m ly, 















Fif:ure 4. 7 Grapll of AE EVf'nts vs. Location (Sta!:e J) 
At the final st~gc of the loading programme the location oflhe tlaw is clearly 
indi~aled_ The graph below shows Ihat the 11aw is clearly situated S6 ± IOmm from 
the left hand side sensor (at the zero position). The larger lIOCcrtainty in the location 
as opposed 10 the steel ves~eI shnw~ thallhe composite is noisier in the area nfthe 
flaw due possibly to the SO U{c<:S ormatrix cracking. Ilbre breakage or interfacial 
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Fixure 4.H (;ruplt 0/ At: E'Y'nrs lOS. LocO/iolt (S/"Xe 4J 
A triangulation algorithm would oc used 10 lotMC l1aws/defee!s across a "> 0 
dimensional surface. In Ihis case, a set of four sensors life placed in a paral lelogram 
format ion The IICti ve site is located when the AE equipment regisle1'S the dilTerence 










4.2 Fracture Toughness Testing of ROQTUF AD690 
A full record of the results obtained from the fracture toughness tests is shown in 
Appendix 1. A summary of the data is listed below. 
The physical attributes of each specimen as well as the maximum load attained and 
the plastic component of notch opening displacement are necessary for the calculation 
of the fracture toughness [8). These are shown in Appendix 1. 
Table 4.5: Summary of data 
Initial Crack Crack 
Specimen Thickness, B Width, W Length, <to Length 
# ao+da 
mm mm mm mm 
B 15.066 30.068 15.360 15.935 
C 15.073 30.118 16.581 16.845 
E 15.065 30.070 16.412 16.412 
F 15.078 30.028 15.719 15.814 
H 15.088 30.095 15.385 16.212 
I 15.095 30.075 15.243 16.002 
J 15.073 30.068 15.090 15.998 
K 15.103 30.023 15.384 16.165 
L 15.085 30.023 14.874 15.475 
M 15.020 30.080 15.659 15.988 











Table 4.6: Fracture Toughness and Tear size 
COD Tear size 
Specimen # (mm) (mm) 
B 0.199 0.575 
C 0.183 0.264 
E 0.140 0 
F 0.151 0.094 
H 0.188 0.827 
I 0.186 0.759 
J 0.210 0.908 
K 0.208 0.781 
L 0.173 0.601 
M 0.257 0.329 
N 0.253 0.262 
Average Value 0.188 
Values for the Fracture Toughness are tabulated above and can be viewed graphically 











COD vs Tear Size 
0.3 
0.25 • • 
y = 0.0273x + 0.1819 
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o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Tear Size (mm) 
Figure 4.9 Graph of COD vs. Tear size 
4.2.1 Determination of Crack Blunting and Crack Tearing Initiation 
Crack blunting occurs prior to tearing initiation as explained in the literature review. 
This means that the tear size during this phase of flaw development is negligible. 
Tearing Initiation can be determined through plotting values of COD calculated for 
each specimen against their respective crack tear sizes. These points are shown in 
Table 4.6. A trend line is added to the graph and from that it is possible to determine 
the value of COD at tearing initiation. 
From the Figure 4.9, the point of crack tearing can be approximated as the intersection 
of the trend line with the Y-axis. This point is obtained from the trend line formula. 











A record of tht: Lood vs. 100 Cl ip G31,1g", OeOe<..1ion ""as kepi for Clch sp«imen and is 
intluJtd in Appendix 1 
Whell lh~ preliminary test was CQI1ducttJ Oil Ihe steel pressure vessd , the active fl a", 
was localed. l-\o"ev<!t". no information was gamer~d on the development of that naw 
811111: micro!iOOpic level 
DLlrmg ~ch uribe COl) lESS. tile fraChlre p1\lO,:t$S",as monilOrcd 1151ng ,\F. The 
resuhs showed a rqlt'3table Iri'nd ror AE aCllvily dUri ng lh.> fracture p1"ocess of a 
Slructllrai steel, ROQ-lUf AD 6<)0. 
~ I 



















Load vs Clip Gauge Displacement 
L ,;~ Ei'P"'''' 
seconds 





02 0.4 0.6 0.8 1.2 1.4 16 1.8 
Clip Gauge Displacement (mm) 
Figure 4.11 Force vs Clip Gauge Displacement for Fracture Toughness Specimen J 
The figures above are typical of all the fracture toughness tests and show the 
correlation between the AE activity and the stages of crack growth development. 
In figure 4.10 there is a marked increase in the AE activity after 28 seconds into the 
test. This corresponds to a deviation in from linearity in figure 4.11. AE activity 
further increases to a maximum and then steadily declines until the 190 seconds have 
passed. This corresponds to the time at which the maximum load is reached. At this 
point, a steady rate of AE is observed i.e. in the area designated as "Tearing". This 
suggests that the tearing phase of crack propagation is quiet (less AE activity) 
compared to the blunting phase. 
These results compare favourably with the studies done by Dunegan, Khan et al [11-











metals, tensile failure occurs by microvoidal coalescence. According to the results 
shown, this process produces less activity at the frequency to which the sensors are 
tuned, viz., 150 kHz. The level of activity is strongly influenced by the threshold and 
gain settings mentioned in Chapters 2 and 3. However, the trend will not change with 











4.3 Testing on Laminate Composite Specimens 
Two different lay-up configurations were chosen in order to generate different failure 
modes. Matrix cracking transverse to the load direction was studied using [90°] 65 
specimens. The [0°] 65 specimens were used to show the type of failure that occurs in 
a composite loaded in the direction of fibres, viz. fibre breakage. The force and 
displacement data collected during the tensile tests is used to study and compare the 
AE response of the [0°] 65 and [90°] 65 specimens. 
4.3.1 Longitudinal Lay-up [0°] 6s 
These types of specimens were loaded to failure. The stress vs. strain graphs for the 
six LFVF & HFVF specimens, plotted on the same axis, are shown in figures 4.12 
and 4.13 respectively. The stress-strain curves are not linear; this is not due to plastic 
deformation but due to microscopic damage, in this case mainly fibre breakage. Fibre 
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Strain (micro strain) 
Figure 4.12 Graph of Stress vs. Strain for the LFVF specimen 4 
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Strain (micro strain) 
Figure 4.13 Graph of Stress vs. Strain for the HFVF specimen 6 
The tested specimens were visually inspected and fibre breakage was observed in the 
0° direction. Not all the fibres had ruptured and the fracture surface was also 












Figure 4. 14 Mh'rogruph of Fibr.- breakage 
Th~ il\""rag~ lillill failur" str>:ss and stmin. for LrVF specimcn~, arc HH \Wa amI 
0.055 1'1' respectively. On the other hand the av"rag" failure stress WId strain.. for 
I rFVF specimens, are 97 MPa WId 0.040 fit" respectively. Thc specim"n~ thilt !ilil e<:i at 
th" high"sl ~l"'s~ is LFVF ~pecimen 4, with stress of 129 MPa and stmin of 0.044,,(" 
and HFVF specimen 6, with stress of 124 'vIPa WId ~train of 0.075 .ut". For clarity. w~ 
will u~" th"~,, ~pecim"ns to compare knsik ksts r~sults to AE results. 
The energy emission associated with tlle failure ofspecimell4 3Ild 6, arc shown by 
Ih" "ocrgy "S. lim~. From the graphs. w" ar~ abk !o ge" that the ~n"rb'Y releas"d wh~n 
the specimens finally fail is approximately 60 x ]()"; MAlISE, for specimen 4 (LfVF) 











Longitudinal Lay-up LFVF Specimen 4 
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Figure 4.15 Graph of Acoustic Energy vs. Timefor Specimens 4(LFVF) and 
6(HFVF) 
The energy-time graphs for other specimens are available in the appendix. It can be 
seen from the included stress-strain curves that all the specimens failed at different 
stress levels indicating a difference in their strength and modulus. Due to differences 











This is in agreement with the findings ofNarisawa [35], who showed the density 
dependence of activity in a composite. Even though all the LFVF specimens are made 
of the same material ( epoxy/glass reinforced), irregularities that occurred during the 
laminate lay-up and specimen machining resulted in the mechanical properties of the 
laminate being different in all directions along the laminate plane. Irregularities that 
may have arisen during lay-up and specimen preparation include: 
formation of bubbles in the lamina, which results in the formation of voids in 
the material 
uneven resin application 
The Energy-Time graphs for the longitudinal lay-up show a similar trend for both 
LFVF and HFVF specimens (figures 4.16, 4.17). They indicate that AE activity is 
limited initially but a rapid increase of activity is noted with increasing fibre failure. 
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Figure 4.16 (imph of Acoustic Energy vs. 111m' for the lnilMI ph(ue offracturefor 
LFVF Specimen 4 
L<mgilLKliIl<l I L<ly-tlp HFVF Specimen 6 (Inllial Phase) 
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Figure 4./7 Graph of Acoustic Energy l'.~. Time/or the Initial phase offrocturefor 











An interesting difference between the traces in specimens 4 and 6 is that the LFVF 
specimens exhibit a higher average in AE activity during the first phase of fracture 
development. On average the HFVF activity is 1113 MARSE for all specimens 
whereas the average for LFVF is 2430 MARSE during the first phase of fracture 
development. 
This may be a result of the higher resin content in LFVF specimens; therefore matrix 
cracking is more prevalent in these specimens initially. 
4.3.2 Transverse Lay-up [90°] 6s 
These specimens were also loaded to failure. The stress vs. strain curves for the LFVF 
& HFVF specimens are also non-linear due to microscopic damage that initiated in 
the material [25]. In this case, the specimens experienced transverse matrix cracking. 
Scanning electron microscopy was also used to study the fractured surface, which 
confirmed that matrix cracking had occurred, figure 4.18 shows clearly that the fibres 











Figures 4 . 19 3n<14.20 show the Slr~s~-s'r:lin <,:uncs for LFYF and HFVF :opecimC!l5 
respectively. Thcs~ <.kf~cts a.-; mrntioned in 4.3. 1 abo have a significant c lfce l <In the 
m..;twni"",1 properties (c. g., ~trcn~ln &, modulus) of the material. 
Specimen 5 . Stress V5. Strain 
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Specimen 3 - Stress vs. Strain 
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Figure 4.20 Graph of Stress vs. Strain for the HFVF specimen 3 
Due to the nature of the lay-up i.e. [90°] 6s specimens, the matrix is the load bearing 
component. It therefore does not behave in a predictable way. Hence we see the 
irregular load traces as above (Figures 4.19 and 4.20). 
The energy emissions associated with the failure of specimens 3 and 5, are shown by 
the energy - time graph in figures 4.21 and 4.22. From the graphs, we are able to see 
that the maximum energy released is approximately 7.5 x 103 MARSE, for specimen 3 














Transverse Lay-up LFVF Specimen 5 
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Figure 4.21 Graph of Acoustic Energy vs. Time for Specimens 5(LFVF) 
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Figure 4.22 Graph of Acoustic Energy vs. Time for Specimen 3(HFVF) 
The energy-time graphs for other specimens can be seen in Appendix 2. From the 
graphs we are able to see that the maximum energy released by transverse matrix 
cracking by HFVF specimens, ranges between 0.62-7.5 x 103 MARSE and by LFVF 











5.1 Detection of Acoustic Emissions 
The 8000 Spartan AT system proved to be a reliable instrument to monitor and detect 
flaws in both steel and composite pressure vessels. The Spartan clearly shows the 
Kaiser Effect by showing an increase in AE activity after an increase in load (section 
4.1 ). 
Flaws were located in both steel and composite pressure vessels using a linear 
location algorithm. In the steel pressure vessel, the flaw was located 46 ± 4mm from 
one of the sensors. The location of the flaw became apparent after the flaw's activity 
exceeded the background noise. 
In the composite vessel testing, the technique showed the location of the flaw to be 56 
± 10 mm from the left-most sensor. There is a scatter of 20mm due to the fact that 
composites produce more acoustic activity due to their composition. The background 
noise is significantly higher, of the order of five times, than in the steel vessel. This is 
due to the fact that the composite is noisier in the area of the flaw where sources of 
matrix cracking, fibre breakage or interfacial friction may occur. 
5.2 AE Monitoring of Fracture toughness testing 
The critical fracture toughness of the ROQ-tuf AD 690 steel was determined as 
0.1819 mm. This value was arrived at with multi-specimen testing. Each test was 











The Acoustic Emission trace for each specimen shows a repeatable trend. The three 
stages of crack development in a steel exhibiting ductile behaviour are clearly 
identifiable. The process of crack blunting is the noisiest reaching maximum levels of 
between 500 and 700 Hits. Tearing is by microvoidal coalescence (ductile failure). 
This process shows considerably lower AE activity, of the order of seven times less, 
than the maximum AE activity associated with blunting. 
The inference is therefore, that AE can be used as a preventative tool in avoiding 
catastrophic failure of steel alloys such as ROQ-tuf AD 690 by identifying the stages 
of flaw development in the material. 
5.3 AE Monitoring of Composite Test Specimens 
The failure modes of Fibre Breakage and Matrix Cracking in the composite specimens 
were successfully monitored with the 8000 Spartan AT. 
In the [0°] specimens, the average final failure stress and strain, for LFVF specimens, 
were 130 MPa and 0.1 fIE'respectively. On the other hand the average failure stress 
and strain, for HFVF specimens, were 273.3 MPa and 0.104 fit' respectively. 
The energy released by fibre breakage in HFVF specimens, ranges between 30 and 80 











The average final failure stress and strain in [90°] specimens, for LFVF specimens, 
were 8 MPa and 0.002 )it' respectively. On the other hand the average failure stress 
and strain, for HFVF specimens, were 4 MPa and 0.01 )it' respectively. 
The energy released by transverse matrix cracking by HFVF specimens, ranges 
between 0.62-7.5 x 103 MARSE and by LFVF specimens, ranges between 0.230-0.450 
x 103 MARSE. 
Failure by fibre breakage produces AE activity of the order of ten times more than 
that of matrix cracking for the maxima. Also HFVF specimens produce l.3 times 
more activity than LFVF in [0°] specimens, whilst it is more significant in the [90°] 
specimens, viz. 16 times. 
In both the lay-up configurations the acoustic energy released steadily increases to the 
maximum. There are no discemable differences in the traces other than the maxima. 
The distinguishing factor may be that each failure mode exhibits a dominant 
frequency at failure. This characteristic cannot be measured by the 8000 Spartan AT. 
It may be necessary to include this parameter for measurement in future 
investigations. 
Laminates will fail by a mixture of modes. The most likely mode of failure to occur 
initially is matrix cracking. AE monitoring would indicate this. Subsequent AE 
activity of the order of 10 times the initial activity would indicate the onset of fibre 
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Fracture Toughness Test 
Specimen B 
Material Details 
Test Temperature Ambient 
Yield Stress at test temperature 8.60E+08 Pa 
Young's Modulus, E 2.00E+11 Pa 
Poisson's ratio, v 0.24 
Specimen Dimensions 1 2 3 4 mean(m) 
Thickness, B (mm) 15.05 15.085 15.1 1502 0.015066 
Width, W (mm) 30.06 30.07 30.1 30.08 0.030068 




Full Scale load 
Extension rate 0.025 mm/s 
Full Scale stroke 
Max load 
Load Pq 3.04E+04 N 
Clip gauge displacement, Vp 6.35E-04 m 
Crack length 0 1I8B 2/8B 3/8B 4/8B 5/8B 6/8B 7/8B B mean(m) 
total crack length, aO+.l'.a (mm) 14.68 15.41 15.88 16.5 17.01 16.67 16.01 15.32 14.68 0.015935 
Fatigue precrack lenth, aO (mm) 14.82 15.27 15.52 15.59 15.59 15.55 15.41 15.2 14.68 0.01536 
Crack growth increment, .l'.a (mm) 0.14 0.14 0.36 0.91 1.42 1.12 0.6 0.12 0 0.000575 
Ratio aOIW valid crack ratio 0.510B51 
f(aOIW) 2.756626 
Kq (Mpa.m"0.5) 1.2BE+OB 
Valid Thickness 0.05579 
Elastic 4.52E-05 
Plastic 0.000154 
COD (mm) 0.199 















Yield Stress at test temperature 
Young's Modulus, E 
Poisson's ratio, v 
Specimen Dimensions 
Thickness, B (mm) 
Width, W (mm) 




Full Scale load 
Extension rate 
Full Scale stroke 
Max load 
Load Pq 
Clip gauge displacement, Vp 
Crack length 
total crack length, aO+~a (mm) 
Fatigue precrack lenth, aO (mm) 








Tear size (mm) 
C 
Ambient 
8.60E+08 Pa I 










































5/8B 6/88 7/8B B mean(m) 
17.25 17.16 16.52 15.59 0.016845 
16.94 16.71 16.3 15.59 0.016581 
















Yield Stress at test temperature 
Young's Modulus, E 
Poisson's ratio, v 
Specimen Dimensions 
Thickness, B (mm) 
Width, W (mm) 




Full Scale load 
Extension rate 
Full Scale stroke 
Max load 
Load Pq 
Clip gauge displacement, Vp 
Crack length 
total crack length, aO+~a (mm) 
Fatigue precrack lenth, aO (mm) 








Tear size (mm) 
E 
Ambient 
8.60E+08 Pa I 
2.00E+11 Pa I 
0.24 
1 2 3 
15.06 15.08 15.07 
30.07 30.08 30.07 




0 1188 2/88 
15.47 16.23 16.53 
15.47 16.23 16.53 
0 0 0 













3/88 4/88 5/88 6/88 7/88 B mean(m) 
16.77 16.87 16.82 16.53 16.21 15.2 0.016412 
16.77 16.87 16.82 16.53 16.21 15.2 0.016412 












Fracture Toughness Test 
Specimen F 
Material Details 
Test Temperature Ambient 
Yield Stress at test temperature 8.60E+08 Pa 
Young's Modulus, E 2.00E+11 Pa 
Poisson's ratio, v 0.24 
Specimen Dimensions 1 2 3 4 mean(m) 
Thickness, B (mm) 15.06 15.09 15.1 15.1 0.0150775 
Width, W (mm) 30.04 30.04 30.03 30 0.0300275 




Full Scale load 
Extension rate 0.025 mm/s 
Full Scale stroke 
Max load 
Load Pq 2.75E+04 N 
Clip gauge displacement, Vp 2.76E-04 m 
Crack length 0 1188 2/88 3/8B 4/88 5/8B 6/8B 7/88 B mean(m) 
total crack length, aO+L'la (mm) 14.83 15.62 16.02 16.2 16.2 16.1 15.96 15.59 14.81 0.015814 
Fatigue precrack lenth, aO (mm) 14.83 15.62 15.92 16.07 16.07 15.99 15.86 15.43 14.76 0.015719 
Crack growth increment, L'la (mm) 0 0 0.1 0.13 0.13 0.11 0.1 0.16 0.05 9.44E-05 
Ratio aOIW valid crack ratio 0.523499 
f(aOIW) 2.872899 
Kq (Mpa.m"0.5) 1.21E+08 
Valid Thickness 0.049666 
Elastic 4.03E-05 
Plastic 6.46E-05 
COD (mm) 0.105 















Yield Stress at test temperature 
Young's Modulus, E 
Poisson's ratio, v 
Specimen Dimensions 
Thickness, B (mm) 
Width, W (mm) 




Full Scale load 
Extension rate 
Full Scale stroke 
Max load 
Load Pq 
Clip gauge displacement, Vp 
Crack length 
total crack length, aO+lla (mm) 
Fatigue precrack lenth, aO (mm) 








Tear size (mm) 






















































7/88 B mean(m) 
15.41 14.65 0.016212 
15.27 14.43 0.015385 















Yield Stress at test temperature 
Young's Modulus, E 
Poisson's ratio, v 
Specimen Dimensions 
Thickness, B (mm) 
Width, W (mm) 




Full Scale load 
Extension rate 
Full Scale stroke 
Max load 
Load Pq 
Clip gauge displacement, Vp 
Crack length 
total crack length, aO+L'.a (mm) 
Fatigue precrack lenth, aO (mm) 








Tear size (mm) 
Ambient 















































6/88 7/88 B mean(m) 
16.41 15.39 14.57 0.016002 
15.44 15.23 14.43 0.015243 
















Yield Stress at test temperature 
Young's Modulus, E 
Poisson's ratio, v 
Specimen Dimensions 
Thickness, B (mm) 
Width, W (mm) 




Full Scale load 
Extension rate 
Full Scale stroke 
Max load 
Load Pq 
Clip gauge displacement, Vp 
Crack length 
total crack length, aO+t:.a (mm) 
Fatigue precrack lenth, aO (mm) 








Tear size (mm) 
J 
Ambient 




15.04 15.09 15.1 
30.06 30m 30.07 




0 1188 2/88 
14.23 15.16 16.27 
14.23 15 15.3 
0 0.16 0.97 













3/88 4/88 5/88 6/88 7/88 B mean(m) 
17.21 17.21 16.75 15.95 15.06 14.51 0.015998 
15.38 15.38 15.34 15.16 14.9 14.29 0.01509 












Fracture Toughness Test 
Specimen K 
Material Details 
Test Temperature Ambient 
Yield Stress at test temperature 8.60E+08 Pal 
Young's Modulus, E 2.00E+11 Pa I 
Poisson's ratio, v 0.24 
Specimen Dimensions 2 3 mean(m) 
Thickness, B (mm) 15.11 15.11 15.11 0.0151025 
Width, W (mm) 29.98 30.03 30.04 0.0300225 




Full Scale load 
Extension rate 0.025 mm/s 
Full Scale stroke 
Max load 
Load Pq 3.09E+04 N 
Clip gauge displacement, Vp 6.67E-04 m 
Crack length 0 1I8B 2/88 3/88 4/88 5/88 6/88 7/88 B mean(m) 
total crack length, aO+~a (mm) 14.35 15.41 16.38 16.96 17.22 16.87 16.37 15.59 14.69 0.016165 
Fatigue precrack lenth, aO (mm) 14.35 15.17 15.47 15.64 15.7 15.72 15.6 15.32 14.55 0.015384 
Crack growth increment, ~a (mm) 0 0.24 0.91 1.32 1.52 1.15 0.77 0.27 0.14 0.000781 
Ratio aOIW valid crack ratio 0.512407 
f(aOIW) 2.770545 
Kq (Mpa.m"0.5) 1.31E+08 
Valid Thickness 0.05833 
Elastic 4.73E-05 
Plastic 0.000161 
COD (mm) 0.208 











Fracture Toughness Test 
Specimen L 
Material Details Ambient 
Test Temperature 8.60E+08 Pal 
Yield Stress at test temperature 2.00E+11 Pal 
Young's Modulus, E 0.24 
Poisson's ratio, v 
Specimen Dimensions 2 3 4 mean(m) 
Thickness, B (mm) 15.06 15.1 15.1 15.1 0.015085 
Width, W (mm) 30 30.03 30 30 0.0300225 




Full Scale load 
Extension rate 0.025 mm/s 
Full Scale stroke 
Max load 
Load Pq 3.23E+04 N 
Clip gauge displacement, Vp 5.01E-04 m 
Crack length 0 1/88 2/88 3/88 4/88 5/88 6/88 7/88 B mean(m) 
total crack length, aO+t.a (mm) 13.97 14.92 15.53 16.34 16.39 16.2 15.5 14.84 14.19 0.015475 
Fatigue precrack lenth, aO (mm) 13.97 14.77 15.05 15.15 15.15 15.2 15.01 14.69 14.07 0.014874 
Crack growth increment, t.a (mm) 0 0.15 0.48 1.19 1.24 1.05 0.49 0.15 0.12 0.000601 
Ratio aOIW valid crack ratio 0.49542 
f(aOIW) 2.624227 
Kq (Mpa.mIl0.5) 1.30E+08 
Valid Thickness 0.057043 
Elastic 4.62E-05 
Plastic 0.000127 
COD (mm) 0.173 











Fracture Toughness Test 
Specimen M 
Material Details 
Test Temperature Ambient 
Yield Stress at test temperature 8.60E+08 Pa I 
Young's Modulus, E 2.00E+11 Pal 
Poisson's ratio, v 0.24 
Specimen Dimensions 2 3 4 mean{m) 
Thickness, B (mm) 15.02 15 15 15 0.01502 
Width, W (mm) 30.08 30.1 30.1 30.1 0.03008 




Full Scale load 
Extension rate 0.025 mm/s 
Full Scale stroke 
Max load 
Load Pq 3.03E+04 N 
Clip gauge displacement, Vp 8.86E-04 m 
Crack length 0 1/88 2/88 3/88 4/88 5/88 6/88 7/88 B mean(m) 
total crack length, aO+t.a (mm) 14.85 15.7 16.19 16.5 16.54 16.4 16.06 15.62 14.85 0.015988 
Fatigue precrack lenth, aO (mm) 14.76 15.5 15.84 15.94 15.94 15.9 15.81 15.51 14.84 0.015659 
Crack growth increment, t.a 
(mm) 0.09 0.19 0.35 0.56 0.6 0.52 0.25 0.11 0.01 0.000329 
Ratio aOIW valid crack ratio 0.52057 
f(aOIW) 2.845314 
Kq (Mpa.mJlO.5) 1.33E+OB 
Valid Thickness 0.059533 
Elastic 4.B2E-05 
Plastic 0.000209 
COD (mm) 0.257 











Fracture Toughness Test 
Specimen N 
Material Details 
Test Temperature Ambient 
Yield Stress at test temperature 8.60E+08 Pa I 
Young's Modulus, E 2.00E+11 Pa I 
Poisson's ratio, v 0.24 
Specimen Dimensions 2 3 4 mean(m) 
Thickness, 8 (mm) 15.09 15.1 15.1 15.1 0.015083 
Width, W (mm) 30.09 30.1 30.1 30.1 0.030098 




Full Scale load 
Extension rate 0.025 mm/s 
Full Scale stroke 
Max load 
Load Pq 3.3 I E+04 N 
Clip gauge displacement, Vp 8.11E-04 m 
Crack length 0 1188 2/88 3/88 4/88 5/88 6/88 7/88 8 mean(m) 
total crack length, aO+~a (mm) 14.13 15 15.43 15.64 15.74 15.5 15.42 14.94 14.19 0.015228 
Fatigue precrack lenth, aO (mm) 13.99 14.9 15.17 15.27 15.26 15.2 15.11 14.82 14.02 0.014966 
Crack growth increment, ~a 
(mm) 0.14 0.12 0.26 0.37 0.48 0.28 0.31 0.12 0.17 0.000262 
Ratio aOIW valid crack ratio 0.497238 
f(aOIW) 2.63932 
Kq (Mpa.m"0.5) 1.33E+OB 
Valid Thickness 0.060153 
Elastic 4.BBE-05 
Plastic 0.000204 
COD (mm) 0.253 
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